Abstract. We studied the acoustic frequencies contained in the songs of 44 species of New World doves of eight genera in relation to body mass and habitat structure. On each sonogram, maximum (MAX), minimum (MIN), emphasized frequency (ENF), and frequency bandwidth (BAND = MAX -MIN) were measured. Log-transformed frequencies and body mass data were subjected to a comparative analysis of independent contrast, using Goodwin' s (1983) phylogeny. We show the existence of a negative relationship among frequencies and body mass, irrespective of the model of character evolution chosen. Similar results were obtained in raw contrast comparisons among 13 pairs of closely related species. Residuals of variation in song frequencies, after control for the effect of body mass and phylogeny, differed among habitats. In particular, closed habitat species use significantly higher MAX than their more open habitat relatives. This pattern contrasts with the one reported in studies based on community-wide comparisons, which in general do not correct song data for phylogeny and body mass, or include oscine species.
INTRODUCTION
Since the work of Wallschlager (1980) , ornithologists have accepted the existence of a negative relationship between body mass and the frequencies used by birds in their songs. In addition, a more recent study showed that the shape of this relationship depends upon the particular group of birds considered (Ryan and Brenowitz 1985) .
The cause of this body size-frequency allometry is not clearly understood, but it has been related to both anatomical and physiological factors, such as tracheal length and vocal track resonances, that covary with body size and mass (Wallschllger 1980 , Baptista 1996 , Lambrechts 1996 . For example, in the Ring Dove (Streptopelia decaocto), vocalizations with higher fundamental frequencies and more overtones are produced by females, which also have a similar, but smaller version of the male' s syrinx (Ballintijn and Ten Cate 1997).
Although the relationship between song frequencies and body size seems to be well established in comparisons across a large number of species, in general these studies have not accounted for the lack of independence among species generated by their phylogeny. This sit-' Received 6 February 1997. Accepted 11 September 1997. uation biases these analyses in the direction of rejecting the null hypothesis that there is no relationship between body mass and song frequencies, because of the inflated degrees of freedom of the statistical tests (Felsenstein 1985) .
In contrast, other studies have failed to find a negative relationship between body mass and song frequencies when comparisons are restricted to couples of closely related species, or to the intraspecific pattern of song variation. For example, in Geospiza dzfticilis (Bowman 1979 (Bowman , 1983 and Piranga rubra (Shy 1983) , larger individuals have songs of higher frequencies. In addition, in the Rufous-collared Sparrow (Zonotrichia capensis), Handford and Lougheed (1991) found that larger birds tend to have lower-frequency songs and that syrinx size was not related to body size. They suggested that the size of the sound-producing organ does not constrain the frequencies used in song, and that individual differences in song frequencies probably are related to a learning phenomenon associated with the structure of the habitat. According to this view, song learning may be not only adapting song structure to the habitat (Hansen 1979 , Nottebohm 1985 , but also freeing the song from constraints imposed by body size. In fact, it has been shown that song frequencies also are related to habitat structure (Morton 1975 [Gurlekian et al. 19921) we measured the following variables: maximum and minimum frequencies (MAX and MIN, respectively), bandwidth (BAND = MAXMIN), and emphasized frequency (ENF, the frequency with the higher amplitude in the song). The frequency resolution of the analysis was 20 Hz, and ENF values were obtained using a peak finding routine of the ADDA 16 software. All these measurements were done by a person who knew neither the phylogenetic relationship nor the body mass of the species under study. Body mass data were obtained from Dunning (1993) , and completed (in a few cases) with unpublished information submitted by different omithologists. We could not find information about the body masses of Uropelia campestris and L. pallidu, therefore these species were deleted from the comparative tests but still considered in different ways in the construction of the phylogenies as well as in the estimation of ancestral states of the characters. Because of the uncertainties regarding the phylogenetic position of Zenaida galapagoensis, we decided to exclude this species from the comparative analysis, but we will comment on its song structure below.
We based our phylogenetic analysis on the phylogenetic hypotheses of Goodwin (1983) . These hypotheses are not based on the acoustic structure of the song, but on the morphological (mainly plumage) characters. Unfortunately, they were not built with a cladistic methodology, so their use may potentially cause comparative problems. In order to reduce this source of error, we also made a comparative test using a selected sample of 14 closely related species, accepting the structure of the phylogenetic hypothesis only at the lowest level (Felsenstein 1988 Based upon the phylogenies available, we estimated the ancestral states of the characters using two different models of evolution: the ran- 180  215  565  400  449  737  466  527  570  313  566  786  530  684  566  377  488  ND  ND  ND  408  340  352  387  358  371  567  508  508  367  313  332  508  469  508  373  271  332  365  296  352  333  309  313  430  290  430   299  256  273  375  303  371  780  303  703  433  355  433  1,230  940  1,172  586  334  391  858  602  743  332  271  313  596  452  488  527  389  469  430  390  430  546  361  469  ND  ND  ND  496  441  488  758  547  566  488  411  461  338  257  312  511  467  488  505  392 Because the body mass and song data did not belong to the same individual, and even the number of individuals weighed varied among species (range = l-284 subjects), we assessed the robustness of our analyses by increasing or decreasing by 10% the body mass and acoustic frequencies assigned to each species. Body mass and acoustic frequencies were varied independently. Because we have a complete set of song, body mass, and phylogenetic data for 41 species, the theoretical number of possible matrices is about 4.8 X 10z4. Therefore, we only made a random subset of 10 additional data matrices, like the one depicted in Stotz et al. (1996) . For the comparative analysis, these three categories were coded as 2, 1 and 0, respectively. Although admittedly imperfect, we assume that this gross sketch of the main habitat of each species reduced subjectivity to a minimum and retained enough ecological information to show any potential trend in the design of the songs. At the same time, the use of three categories instead of only two gave us a number of independent contrasts amenable to be treated statistically using binomial tests. All statistical tests were two tailed and performed on the log-transformed values of the original variables.
RESULTS

BODY MASS AND SONG VARIABLES
We found a significant negative relationship between acoustic frequencies of the song and body mass, even when comparisons are framed in a phylogenetic context. Because the results of the analyses were similar regardless of the model of character evolution employed, we only present the ones obtained under the random walk model. In particular, the slope of the regression between contrasts for MAX, MIN, ENE BAND, and body mass was negative and significant (B 5 -0.39, F,,,, > 6.03, P < 0.02, see Fig. 1 ). This means that the heavier species in the pairs being compared also have the lower MAX, MIN, ENE and BAND in their songs. We assessed the robustness of these results by running the independent contrast tests using ten replicates of the data matrix. All 40 regressions (four variables by ten replicates) were negative, and in 25 out of 40 tests the slope was significant.
Finally, the comparisons between closely related species yielded 13 independent contrasts. The analysis revealed that there is an excess of negative MAX contrasts associated with positive body mass contrasts (binomial tests P [x 5 21 < 0.05, see However, the results of this analysis are more sensitive to changes in the data matrix because only four out of ten replicates of the analysis showed a significant excess of negative MAX contrasts associated to positive body mass contrasts.
HABITAT STRUCTURE AND ACOUSTIC FREQUENCIES
We removed the effect of body mass on song variables using the slope of the regression among their respective contrasts (Harvey and Page1 1991, Purvis and Rumbaut 1995). Thus, residuals of song variation under the two models of character evolution were compared to the habitat used by the species, but controlling again for the phylogenetic effects. This procedure gave us 11 independent contrasts among species differing in habitat use. Ten out of 11 positive MAX contrasts were associated with positive habitat contrasts (binomial tests P[x 5 l] = O.Ol), indicating that the species living in more closed habitats have the higher MAX. We also found 9 out of 11 positive ENF and BAND contrasts associated with positive habitat contrast. Baptista (1996) concluded that there is no evidence for direct genetic control on the acoustic frequencies of the song. An interesting possibility is that in birds with innate vocal behavior, such as doves, acoustic frequencies may be determined by body size and morphology, presumably through their influence on syrinx physics and physiology. Our finding of a negative relationship between acoustic frequencies and body mass supports this contention. However, during vocal ontogeny, doves exhibit a phenomenon known as "breaking of the voice" (Abs 1983 ) which consists in the relatively sudden drop of call frequencies without appreciable change in body mass. This fact may be explained in terms of a rigid developmental program, but it questions the existence of a fixed relationship between body mass and song frequencies.
In species with song learning, a less rigid developmental program may eliminate (or at least reduce) morphological constraints, freeing the song to adapt to ecological factors such as habitat structure (Hansen 1979 , Nottebohm 1985 . Several studies have shown the existence of a relationship between song frequencies and habitat structure (Morton 1975, Ryan and Brenowitz 1985) . In particular, these studies found that birds use lower frequencies in closed habitats such as forest than in more open ones such as grasslands or savannas. In contrast, we report here that in New World doves, closed habitat species tend to have higher MAX, and possibly higher ENF and wider BAND, when differences in body mass and phylogenetic relationships are controlled. Zenaida galapagoensis fits well in this pattern of song variation, because is an open or mixed habitat species of small mass, and also has a low frequency call.
A potential problem regarding the finding of a habitat-related pattern of variation in maximum frequencies is that these frequencies are rapidly attenuated with distance. Thus, MAX may be affected by differences in the mean recording distance of the song samples taken in different habitats (Wiley 1991). Another possible source of uncontrolled variation is the microhabitat used by the species. For a grassland bird that lives and sings from within the grass, the habitat is more closed than the one experienced for a species on the floor of a mature tropical rain forest. Moreover, even ground-dwelling species use song perches at different heights, complicating the interpretation of the data.
Assuming long range communication, selective pressures for adapting song structure to differences in habitat acoustics may be stronger in small Passeriformes because of their limited energy storage capacity relative to their daily energy needs (Morton 1986 ). In contrast, the relatively bigger doves may be more free to respond to other factors, causing a different pattern of song-habitat structure. Perhaps the lack of vocal learning also may be involved. We suggest that additional studies in other non-Passeriformes (characterized by the lack of vocal learning) should be carried out to assess the generality of the pattern of song-habitat structure found in New World doves. For example, it might be possible to replicate this study on other diverse clades of doves such as Emerald Doves, Bronzewings and Geopelias (genus Chalcophaps, Henicophaps, Phaps, Petrophassa, Geophaps, Ocyphaps, and Geopelia), Green Doves (genus Treron), and pigeons (genus Columba), which include closed and open habitat species. Cuculiforms also are amenable for research because, like doves, their songs seem to be innate, and phylogenetic hypotheses are now available (Hughes 1996) .
